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Water treatment plants often use technologies associated with the emission of various gases. These can be
anaerobic digestion processes, various methods of converting waste from wastewater treatment plants into
valuable resources such as biogas. Increasingly, in order to comply with the principles of a circular economy,
in to water purification additional processes such as electrolysis are carried out to obtain green hydrogen.
Sometimes the preparation of drinking water itself requires a clean gas environment. Metal oxide
semiconductor (MOS) gas sensors are used to monitor air at water objects and treatment plants. The work is
devoted to studying the properties of SnO>/ZnO powders and thin films with different molar ratios for
monitoring hydrogen and nitrogen (1V) oxide. To characterize SnO,/ZnO powders, X-ray phase and X-ray
structural analyses were performed, diffuse reflection spectra were obtained in the UV-visible range, the band
gap energy was calculated, and porosity and specific surface area were determined. Powder diffraction
patterns were obtained for which the crystallite size was determined depending on the SnO>/ZnO molar ratio.
The band gap values range from 3.0 to 3.49 eV depending on the crystallite size. The most developed porous
structure is 63.2 m?/g in a powder with 60% SnO-, in which the average pore size is about 8.5 nm.. To study
the response of the synthesized thin films to hydrogen and nitrogen (1V) oxide, impedance spectroscopy was
performed in a closed system without access to moisture at room temperature under the influence of ultraviolet
radiation. The highest response value to NO; is observed for the film with a molar ratio of SnO, to ZnO as 4
to 1 (80%/20%), which is at the level of 2.12. The highest response to hydrogen is 2.42 and corresponds to a
sensitive material consisting of 100% SnO,.
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1. Introduction
hydrogen from water treatment (Donald et al.,

Drinking water shortages are observed in
many countries, so technologies for drinking
water purification and wastewater treatment
are very important and are constantly being
improved. However, they are often associated
with  environmental  pollution.  Various
measures are proposed for environmental
safety, including methods of the circular
economy. There are various proposals for the
reuse of sewage sludge (Nguyen et al., 2022),
reducing greenhouse gas emissions and
resource recovery (Farago et al., 2021),
improving energy economy by extracting

2023).

It is necessary to monitor not only the
amount of solid waste, but also the
concentration of released gases. Anaerobic
digestion is often used in wastewater treatment
plants to stabilize sludge, which is a natural
process in which microorganisms break down
organic matter in the absence of air. The result
is the formation of biogas. If the process
conditions are unstable or change due to
certain factors, hydrogen is released as a by-
product (Gonzalez et al., 2023). However,
hydrogen is an explosive gas, therefore
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controlling its leaks is an important safety
issue.

The circular economy plays an important
role in water treatment. Increasingly, treatment
plants are being combined with additional
production of renewable energy sources. For
example, recently, water electrolysis has been
used for green hydrogen production in
wastewater treatment processes (M. de Araujo
et al., 2024). Another study reports on the
production of bio-hydrogen from wastewater
treatment plants by using  various
microorganisms  in  biophotolysis  and
photofermentation processes (Barghash et al.,
2022). In other situations, in countries with
poor water resources, it is proposed (Kaplan et
al., 2023) to extract water from atmospheric
air, which in industrial regions can be
contaminated with volatile organic
compounds, SOz, NO, etc. Thus, monitoring
of gases in the air is also important for
technological processes of water extraction
and purification.

Monitoring of air composition is
particularly important in specific industrial
wastewater treatment processes. In particular,
it has been proposed (Hao et al., 2024) to carry
out wet denitrification of flue gases of
industrial nitrogen oxides (NOx) in highly
concentrated nitrate wastewater. They can be
reduced to ammonia using electrochemical
nitrate reduction reactions. In such a process, it
is important to control complete denitrification
and monitor toxic gas emissions.

Gas sensors are one of the promising
methods of air monitoring. In water treatment,
electrochemical, optical, surface acoustic wave
(SAW), thermal conductivity gas sensors,
quartz crystal microbalance and metal oxide
semiconductor (MOS) gas sensors are used
(Yadav and Indurkar, 2021).
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Metal oxide sensors are not only portable
and cheap, but also have a short response and
recovery time, which is important in work
safety with such explosive and toxic gases as
H> and NO», respectively. The operation
principle is based on the interfacial interaction
of the analyzed gas and a semiconductor
sensitive layer, the resistance of which changes
as a result of the reaction. The signal is
converted into an electrical one, which allows
to record the response to a specific gas (Isaac
et al., 2022). SnOz, Zn0O, In203, TiO2, WOs,
CuO, etc. are often used as a sensitive material
(Tereshkov et al., 2024).

The aim of this work is to synthesize
Sn0O,/Zn0O-based powders and thin films and
their characterization, to investigate the
response of the SnO./ZnO sensitive layer to
hydrogen and nitrogen (1) oxide for air
monitoring applications in water purification
systems.

2. Materials and Methods

2.1 Materials

Powder synthesis: tin (1) chloride
dihydrate  SnCl2-2H20,  zinc  nitrate
hexahydrate Zn(NOs)2:6H20, methanol, 25%
ammonium hydroxide solution.

Thin film synthesis: tin (I1) chloride
dihydrate  SnCl2-2H20,  zinc  nitrate
hexahydrate Zn(NOs3).:6H20, citric acid,
distilled water, ethylene glycol, 65% nitric acid
solution.

All reagents have 99.9-99.99 wt %
purity.

To test the sensitive properties of the
synthesized thin films, a calibration gas
mixture NO2-N2 with a volume fraction of
nitrogen (IV) oxide of 433 ppm and a
calibration gas mixture H>—N> with a volume
fraction of hydrogen of 20100 ppm were used.
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Thin films were deposited on sital
substrates with nickel contacts.

2.2 Synthesis methods of powders and
thin films

The synthesis of powders of tin (IV)
oxide with different molar ratios of zinc oxide
was carried out according to the (Htun et al.,
2023). Tin (1) chloride dihydrate and zinc
nitrate hexahydrate were weighed in the
corresponding molar ratios, calculated on a
total amount of substance of 0.02 mol
(Table 1).

Table 1. Molar composition of salts in
solution

Sample | SnCl,:2H,0 | Zn(NOs3)2-6H.0
number

1 100 % 0%

2 80 % 20 %

3 60 % 40 %

4 50 % 50 %

5 40 % 60 %

6 20 % 80 %

7 0% 100 %

37-10° | of methanol were added to the
corresponding salt samples. They were stirred
for 5 min on a magnetic stirrer. After that, the
transparent colorless solutions were mixed and
the stirring was continued at a temperature of
60 °C for 1 h. At the same time, ammonia
solution was gradually added using a Pasteur
pipette at a rate of 10 drops/min until the pH of
the solution was 8. The resulting gels were
dried at a temperature of 100 °C until
completely dry. After that, the dried powders
were calcined in a crucible for 60 min at a
temperature of 550 °C.

The deposition of thin films was carried
out with a similar composition to Table 1. The
required amount of SnCl>-2HO and
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Zn(NOs3)2-6H20 salts was weighed so that their
total or individual amount of substance was
0.02 mol. In addition, 3.8425 g of citric acid
were weighed. These substances were
dissolved in 5-102 | of distilled water. After
complete dissolution, 10 cm® of ethylene
glycol were added. In addition, 1.4-103 | of a
65% nitric acid solution was added. This
mixture was heated at 70 °C for 30 min. After
cooling the solution to room temperature, a
viscous solution was applied with a 50 pl
pipette to a substrate previously washed with
isopropyl alcohol and placed in a spin-coater.
Rotation was carried out for 15 seconds. After
that, the samples were dried for 30 min at a
temperature of 100 °C. The dried substrates
were calcined at 450 °C to obtain thin films.

2.3 Powders characterization and thin
films physical properties analysis

X-ray diffraction was used to analyze the
composition and structural properties of the
powders. Data were collected by Rigaku
Ultima IV diffractometer (Japan) with
monochromatized CuKa radiation (20-60 kV,
2-60 mA) in the 20 range of 20°-70° at a rate of
1 deg./min.

To determine the band gap width, UV-
visible diffuse reflectance spectra were
obtained using a SHIMADZU UV-3600 UV-
Vis-NIR spectrophotometer (Japan).
Accordingly, the band gap energy (Eg) for the
powders was determined by constructing a
graphical dependence, where hv (Planck’s
constant and photon frequency, respectively) is
plotted on the abscissa axis and (F(R)hv)Y is
plotted on the ordinate axis.

The analysis of porosity and specific
surface area of synthesized SnO2/ZnO powders
was carried out wusing low-temperature
nitrogen adsorption/desorption on the surface
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area and porosity analyzer JWGB Meso 112,
manufactured by JWGB SCI. & TECH. (PRC).

The impedance dependence of the
sensitive layers of the substrates on the
frequency was determined using the
electrochemical impedance analyzer
VersaSTAT3 from  Princeton  Applied
Research (United States).

3. Results and Discussion

Analysis of the powder structure by X-
ray diffraction is presented in the following
diffraction pattern (Fig. 1).

It was found that for pure tin (IV) oxide
all peaks correspond to cassiterite. With
increasing zinc oxide content in the powders, a
decrease in the intensity of SnO. peaks and an
increase in the intensity of ZnO peaks are
observed.
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Fig.1. Diffraction patterns of SnO./ZnO
powders

The structural characteristics of the
obtained powders are given in Table 2.

With a molar content of tin (1) oxide of
60% and 40% of zinc oxide, the formation of
zincite crystals is observed, which explains the
increased size of crystallites in these samples.
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Table 2. Size of SnO; and ZnO
crystallites in powders

SnO; content, Crystallite size, A
mol.% Cassiterite ZnO
(SnOy)
100 126 -
80 68 27
60 63 1120
50 76 261
40 56 459
20 57 109
0 (100% Zn0) - 437

Fig. 2 shows the UV-visible diffuse
reflectance spectra. It is observed that pure
SnO2 and ZnO powders have comparatively

lower reflectance spectra.
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Fig. 2. Obtained UV-vis diffuse reflectance
spectra

Tin (IV) oxide has a band gap of 3.6 eV
(Jithin et al., 2021). The band gap width for
powders with different SnO, contents was
determined by converting the diffuse reflection
spectrum into an absorption spectrum using the
Kubelka-Munk theory. The band gap energy
(Eg) for the powders was determined by
plotting (F(R)hv)¥2 versus hv. (Motsoeneng et
al.,, 2023). By extrapolating the obtained
graphs, the band gap energy value was
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determined for each powder (Table 3). The
measurement error in this study is due to the
error of the spectrophotometer used. In
particular, the photometric accuracy is £ 0.003
Abs (at 1 Abs); = 0.002 Abs (at 0.5 Abs). This
has a minor impact on the results obtained.

Table 3. Band gap of SnO2/ZnO powders

SnO; content, The band-gap
mol.% energy, eV
100 3.29
80 3.04
60 3.34
50 3.24
40 3.49
20 3.0
0 (100% Zn0O) 3.14

Thus, the band gap for different contents
of tin (IV) oxide varies from 3.0 to 3.49 eV.
For comparison, in the literature there is
information about the experimentally obtained
band gap values of pure SnO (3.45 eV) and
ZnO (3.23 eV), as well as the SnO2/Zn0O
composite in a molar ratio of 1:1 (3.40 eV)
(Hamrouni et al., 2013). These data differ from
the results obtained in this study. At the same
time, a similar trend is observed to decrease the
band gap values in the following order: SnOg,
Sn02/Zn0, ZnO. The differences in results can
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be explained by the fact that the band gap of
semiconductors increases with decreasing
particle size due to the quantum size effect.
The same thing happens in the case of the
surface to volume ratio (Ali et al., 2022).

In order to obtain information about the
porosity and specific surface area of the
synthesized  SnO,/ZnO  powders, low-
temperature adsorption/desorption of nitrogen
was carried out. All the obtained isotherms
have type V adsorption isotherms according to
the IUPAC classification (Thommes, 2016),
which indicates a microporous or macroporous
adsorbent with relatively weak interactions
with the adsorbate.

The obtained analysis results are
contained in Table 4. It is observed that
powders containing pure SnO, and ZnO have
the smallest surface area and the largest pore
size. The most developed surface area by BET
of 63.2 m?/g is found in the powder containing
60% SnO. and 40% ZnO. The measurement
accuracy of the porosity analyzer is £1% in the
specific surface area measurement range.
Analytical balances with a resolution of 0,003
were also used for sampling.

Measurements to characterize the
obtained samples were carried out at least
twice. Moreover, the results did not differ
significantly, which indicates the reliability of
the obtained data.

Table 4. Results of porosity and specific surface area analysis of SnO2/ZnO powders

SnO; content, | Type of adsorption | Surface area Total pore Average pore
% isotherm (BET), m%*g | volume, cm®/g size, nm
100 24.1 0.103 17.1
80 52.1 0.086 6.6
60 63.2 0.135 8.5
50 V 58.9 0.138 9.3
40 38.8 0.161 16.6
20 38.6 0.164 17.0
0 6.0 0.042 27.8
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Measurements of the impedance versus
frequency of sensitive layers based on
SnO2/ZnO were carried out in air, using
ultraviolet irradiation, and in an environment
of the detected gas simultaneously with UV
radiation. Impedance spectroscopy was
performed in a closed system without access to
moisture at room temperature (~18 °C).

The response of substrates with a
sensitive layer to an oxidizing gas such as NO>
can be estimated wusing the equation
(Balasubramani et al., 2020; Xu and Ho,
2017):

Roxg :@’
o1zl
where [Zlq is the gas impedance, MQ; IZl, is the
air impedance, MQ.

The response of substrates with a
sensitive layer to a reducing gas (H2) is
described by the equation:
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_zl,

Rred.g. - W

g
The results of the study of the impedance
of thin films under nitrogen (1) oxide impact
are given in Table 5. For all samples, with
increasing frequency, a decrease in the
impedance value is observed, which is
associated with the excitation of charge
carriers under the action of an electric field.
This promotes their movement through the
nanocomposite  structure, increasing the
conductivity and reducing the impedance of
the system (Zankat et al., 2021). When using a
UV lamp, the impedance in all cases decreases,
which is also explained by the activation of
additional charge carriers due to the excitation
of electrons from the valence band to the
conduction band under the influence of

ultraviolet radiation.

Table 5. Impedance value and NO> response

Sample | Composition of the Impedance value, MQ Sensitive
number sensitive layer In the air Under UV In NO; and layer
Sn0,/Zn0O irradiation UV radiation | response
(Rox.g)
1 100%/0% 1.84 1.42 1.73 1.22
2 80%/20% 2.39 0.86 1.82 2.12
3 60%/40% 1.44 1.13 153 1.35
4 50%/50% 1.96 1.10 0.91 0.83
5 40%/60% 1.89 0.85 1.18 1.39
6 20%/80% 2.04 1.15 0.81 0.70
7 0%/100% 1.77 1.00 1.48 1.48

Since SnO; and ZnO are sensitive n-type
materials, when the system is exposed to an
oxidizing gas such as nitrogen (IV) oxide, an
increase in resistance is observed (Xu and Ho,
2017). This prediction holds for samples 1-3,
5 and 7, where the molar fraction of SnO;
varies from 0.02 to 0.008 mol or where this
oxide is absent altogether (sample 7). The

increased content of SnO; nanoparticles
provides improved conductivity and, therefore,
a decrease in impedance in the system with a
higher content of nanoparticles (Zankat et al.,
2021). This can be explained by the improved
number of crystallite  boundaries in
nanocomposites with a higher content of SnO-
nanoparticles. They contain a large number of
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defects, in particular oxygen vacancies, which
are characterized by increased disorder in the
boundary zones compared to the crystalline
core. With an increase in the total
concentration of crystallite boundaries, the
number of defects, the level of disorder and the
concentration of oxygen vacancies increase.
Such vacancies act as charge carrier donors,
generating free carriers that move through the
lattice, contributing to the conductivity of the
nanocomposite material.

According to the results of Table 5, the
best substrate response to the oxidizing gas
nitrogen (1) oxide with a concentration of 433
ppm is the sensitive layer with a molar ratio of
SnO2to ZnO equal to 80%/20%.

Similar measurements of the impedance
dependence on the frequency of the sensitive

Table 6. Impedance value and H> response
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layers of the sensor based on SnO2/ZnO were
carried out using ultraviolet irradiation and in
a hydrogen environment simultaneously
(Table 6).

In comparison with previous
measurements, with increasing frequency, a
decrease in the impedance value is also
observed, as with the influence of ultraviolet
irradiation. Since hydrogen is a reducing gas,
and the sensitive layers based on SnO; and
ZnO are n-type materials, in the case of using
UV radiation and hydrogen, the impedance
decreases. With an increase in the zinc oxide
content in the samples, the value of the
complex resistance for all measurements also
increases. The average impedance value in an
environment with Hz was determined for each
sample.

Sample | Composition of the Impedance value, MQ Sensitive
number sensitive layer In the air Under UV In Hz; and UV layer
Sn0,/Zn0O irradiation radiation response
(Rredg)
1 100%/0% 64.54 2.03 0.84 2.42
2 80%/20% 623 14.4 12.8 1.13
3 60%/40% 823 36.51 26.68 1.37
4 50%/50% 698 108 70.36 1.53
5 40%/60% 421 94.78 97.87 0.97
6 20%/80% 424 83.54 67.14 1.24
7 0%/100% 374 110 72.81 1.51

According to the analysis results, the
best response to hydrogen is given by a
substrate with a molar content of tin (1) oxide
of 100%.

It is worth noting that the study was
conducted in a closed system where gas was
supplied. However, in real systems, moisture
may be present, which can significantly affect
the sensor response. To prevent this in high
humidity conditions, a sampling design can be

proposed that will first be supplied to a dryer
and then to the gas sensor.

To compare the obtained responses of
the sensitive layers and the efficiency of their
use, the response of sensors to NO; and Hz in
existing studies is shown in Table 7.

From the above information it is clear
that there are few studies on the influence of
the composition of SnO2/Zn0 thin film on the
sensor response. Moreover, they all differ in
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the process conditions (concentration of the
analyzed gas and process temperature), as well
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as in factors such as the materials used (type
and material of the substrate contacts).

Table 7. Comparison of hydrogen and nitrogen dioxide gas sensors

Thin film Sensing gas Operating Response Reference
conditions
Sn0O2/Zn0 30 ppm H: T=200"°C 93 (Zhang et al., 2023)
(Sn:Zn=1:1)
0,1 SnO; loaded ZnO | 0.05 ppm H> T =300"°C 50,1 (Leeetal., 2019)
NFs
Zn0O/SnO2 NF 10 ppm NO2 T=350°C 109 (Phuoc et al., 2021)
(Zn:Sn =1:1)
Sn0O2/Zn0 0.05 ppm NO> T~20 °C 336 % (Guo et al., 2021)
(Sn:Zn=20:1)

Therefore, this study is new and offers
previously unexplored aspects of the
comparison of the composition of SnO2/Zn0O
of the sensitive layer and the sensor response.
The sensor response can be improved in future
studies by introducing new conditions (doping
with a noble metal, using elevated sensing
temperatures).

4. Conclusions

Air monitoring at water treatment
facilities and structures associated with them is
necessary to control the leakage of gases such
as Hx and NO>. For this purpose, metal oxide
semiconductor gas sensors can be used.

To characterize SnO2/ZnO composites,
X-ray phase and X-ray structural analysis were
performed, UV-visible diffuse reflectance
spectra were obtained, porosity and specific
surface area were determined.

The obtained results are reliable, since
the error of the measurements is determined by
the error of the analytical instruments used,
which is insignificant. In addition, the
characterization of the samples was carried out
twice, which confirmed the reproducibility of
the results.

XRD analysis confirmed the presence of
cassiterite and zinc oxide in the synthesized
powders. The size of the crystallites of the
material varies nonlinearly depending on the
added amount of ZnO. The band gap value
ranges from 3.0 to 3.49 eV, which may depend
on the size of the crystallites. The results of
nitrogen adsorption/desorption showed that an
increase in the ZnO content contributes to the
formation of a more developed porous
structure and has a maximum of 63.2 m?/g at
60% SnOo.

Impedance spectroscopy was performed
to determine the response of the synthesized
thin films to hydrogen and nitrogen dioxide.
The best response to NO: is 2.12 and given by
a substrate with 80% of SnO», and to H, — 2.42
by a 100% of SnO,.

However, water treatment plants and
related facilities have a high level of humidity.
This can significantly affect the operation of a
metal-oxide semiconductor sensor. Therefore,
in further studies, it is planned to observe the
effect of humidity on the response of the
Sn0./Zn0 sensitive layer of the sensor.
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MOHITOPUHI'Y H2 TA NO2 HA BOAJOOYNCHUX CTAHIIAX
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Cmanyii ouuwennsa 600U 4acmo UKOPUCMOBYIOMb MEXHONO02I, N08 A3aHI 3 BUKUOOM DI3HUX 2a3i6.
Le mooicyms 6ymu npoyecu anaepoOHO20 30p00AHCYBAHHS, PI3HI MemMOOU NepemeopeHHs 8i0X00i8
OYUCHUX cmanyill Ha YiHHI pecypcu muny Oioeasy. Bce wacmiute 3 Memow 00ompumMants NPUHYUNIE
YUKTIYHOI eKOHOMIKU OKPIM OUUUeHHS 800U NPOBOOAMb 000AMKOSI Npoyecyu muny eiekmponizy 0
OMPUMAHHS 3e]1eH020 600HI0. [HO0i cama nid2omoexka NUMHOI 600U nompedye YUCMO20 2A308020
cepedoguwa. 3 Memor MOHIMOPUH2Y NOBIMps HA BOOHUX 00’ €KmMax ma OYUCHUX CMAHYIAX
BUKOPUCTNOBYIOMb  MEMANOKCUOHI  HANIBNPOBIOHUK08i 2a306i cencopu. Pobomy npuceaueno
Odocnioxncennto enacmusocmeti SNO2/ZNO  nopowkie ma MOHKUX NAIBOK 13 PIZHUM MOJbHUM
cniesionowenHsam Onsi MoHimopuney 6oouto ma uimpoeen (IV) oxcudy. [lna xapaxmepusayii
nopowkie SNO/ZNO 6Oyno nposedeno penmeenopazoéuilt. ma peHmeeHOCMPYKMYyPHULL aHali3U,
ompumano cnekmpu ou@ysnoeo giooumms 6 YD-euoumomy Oianazoui, 0OYUCIEHO UUPUHY
3a060pOHeHOT 301U, BU3HAYUEHO NOPUCMICMb Ma NUMOMY nosepxtio. Ompumano ougpaxmozpamu
NOPOWIKI8, OISl AKUX GU3HAYEHO PO3MIP KPUCALIMIE 8 3ANeACHOCII 80 MOIbHO2O CNIBEIOHOUIEHHS
Sn02/Zn0. 3nauenns wupunu 3a6oponenoi 30nu Koausaiomscsi 6 oianasoni 6i0 3,0 do 3,49 eB &
3anesicHocmi 6i0 pozmipy kpucmanimie- Hatipozeuneniwa nopucma cmpykmypa 63,2 m?le y nopowiy
360 % SnOy, y sskomy cepedHiii po3mip nop o61u3vko 8,5 Hm. [[1s1 00Cai0NHceH s 8I02YKY CUHME308AHUX
MOHKUX NAI80K Ha 600enb ma nimpozer (IV) oxcud b6yno nposedeno imnedancHy cnekmpockoniio @
3aKkpumitl cucmemi 6e3 Odocmyny 60102U 34 KIMHAMHOI memnepamypu ni0  6NIUEOM
yaempaghionemosozo sunpomintoganus. Haubinoue 3nauenns 8iocyky 0o NO2 cnocmepieaemucs ons
naieku iz monvHum cniggionouennsim SNOz 0o ZnO sax 4 oo 1 (80%/20%), axuii € na pisui 2,12.
Hatibinvwuii 8iozyk no gionouweHH10 00 600110 cmanosums 2,42 i i0nosioae wymaugomy mamepianiy,
wo cxknadaemuvcsi 3 100 % SnOo.

Kniouosi cnoea: 6ooenv, enekmponiz 600u, Mmeman OKCUOHUU 2A308Ull CEHCOP, HIMPO2eH OI0KCUO,
cmanym (1V) oxcuo, yunk okcuo
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